Abstract. In this paper I present a new two-dimensional decomposition technique, which models the surface photometry of a galaxy with an exponential light profile for both bulge and disk and, when necessary, with a Freeman bar. The new technique was tested for systematic errors on both artificial and real data and compared with widely used one-dimensional decomposition techniques, where the luminosity profile of the galaxy is used. The comparisons indicate that a decomposition of the two-dimensional image of the galaxy with an exponential light profile for both bulge and disk yields the most reproducible and representative bulge and disk parameters. An extensive error analysis was made to determine the reliability of the model parameters. If the model with an exponential bulge profile is a reasonable description of a galaxy, the maximum errors in the derived model parameters are of order 20%. The uncertainties in the model parameters will increase, if the exponential bulge function is replaced by other often used bulge functions as the de Vaucouleurs law. All decomposition methods were applied to the optical and near-infrared data set presented by de Jong & van der Kruit (1994) , which comprises 86 galaxies in six passbands.
Introduction
The light distribution of disk dominated galaxies is often decomposed into a bulge and a disk component which are assumed to be physically and dynamically distinct. The disk component is flat and governed by rotational dynamics. The spherical bulge component, though mainly rotationally supported against gravity, is dynamically a much hotter system than the disk. Whether this separation is real is hard to say; it is likely that a dynamical interplay exists between the different components in the dense inner regions of galaxies. Separating both components using only the surface photometry of a galaxy has been a longstanding problem.
When we assume that there are distinct components, the parameters describing the light distribution of these components are of fundamental importance. They reveal the common properties among galaxies and especially in combination with dynamics and (chemical) content they are tracers of galaxy formation and evolution. Two wellknown relations with fundamental component parameters are the constancy of central surface brightness among disks of spiral galaxies (Freeman 1970 ) and the link between bulge-to-disk (B/D) ratio and the Hubble classification sequence.
Many different decomposition techniques can be found in the literature (for reviews see e.g. Simien 1989 , Capaccioli & Caon 1992 . For most of the methods one postulates some mathematical functions describing the shape of the different components, after which the sum of the components functions is fitted to the observed light dis-tribution. Decomposition techniques differ in both the assumed mathematical functions as well as in the applied fitting algorithms.
The most frequently used function describing the radial surface brightness profile of the disks of spiral galaxies is the exponential function Σ disk (r) = Σ 0 e −r/h (1) or in magnitudes µ disk (r) = µ 0 + 1.086r/h
with µ 0 (Σ 0 ) being the central surface brightness (luminosity) and h the scalelength of the exponential disk. The exponential function is not always a good description of the disk light profile. After the bulge light is subtracted from the luminosity profile, the disk profiles of spiral galaxies sometimes show a deficit of light in their inner regions (Type II profiles, Freeman 1970 ). An improved disk model in the form of a modified exponential profile (Kormendy 1977 ) is therefore sometimes fitted to these Type II profiles. Furthermore, it should be noted that the exponential model profile might need a truncation. Especially in edge-on galaxies a sudden decrease in light has often been detected at large radii (van der Kruit 1979) . Compared to the disk profile there is less consensus on the mathematical function to be used for the bulge light profile, because only the central bright part of the bulge can be seen in most spiral galaxies. Away from the center the bulge light is hidden underneath the disk light for a face-on galaxy and therefore only the central region can be used to determine the shape of the bulge luminosity profile. The most widely used bulge function is the r 1/4 law (de Vaucouleurs 1948) . This function generally gives a good description of the light distribution of elliptical galaxies and was first used for spiral bulges, in combination with an exponential disk, by de Vaucouleurs (1959) . The motivation to use the same fitting function for elliptical galaxies and bulges is an assumed evolutionary or at least structural sequence from ellipticals to spirals (or vice versa). The shape of elliptical luminosity profiles are not completely undisputed and therefore all light profile functions proposed for ellipticals (e.g. Hubble profiles (1930) , King profiles (1966) , Jaffe profiles (1983) or generalized exponentials (Caon et al. 1993; D'Onofrio et al. 1994) ) could in principle also be used for bulges. Kormendy (1977) showed that the parameters of the Hubble, King and de Vaucouleurs profiles describe the same physical quantities for ellipticals.
One should be careful in making the link between elliptical galaxies and bulges of spiral galaxies. The presence of the disk will influence the dynamics of the bulge, especially for late-type systems with a low B/D ratio. Bulges are for a considerable fraction rotationally supported against gravity and not largely pressure supported as are elliptical galaxies (Kormendy & Illingworth 1982; Kormendy 1993 and references therein). Also deviations from the r 1/4 law have been observed in bulges of edge-on spirals (Frankston & Schild 1976 , Kormendy & Bruzual 1978 , Burstein 1979 , Jensen & Thuan 1979 , Shaw & Gilmore 1989 , Wainscoat et al. 1989 , Kent et al. 1991 . These deviations have motivated Frankston & Schild (1976) , Kent et al. (1991) and Andredakis & Sanders (1994) to propose exponential functions for bulge profiles.
Decomposition techniques using the change in ellipticities and position angles of the isophotes (Kent 1986) have the advantage that they do not have to assume fitting functions. They can work perfectly well assuming that spiral galaxies are only made of ellipsoids/tori with changing inclinations. But as real galaxies contain bars, spiral arms and dust lanes these methods will have systematic errors. They only work reasonably well on systems with a high inclination, where the difference in the flattening of the disk and the bulge component is easily measurable.
Decompositions using all the pixels in the full image instead of the one-dimensional (1D) profile of galaxies take little precedence in the literature. The main reason for this being the lack of computer power and an additional reason being the difficulties due to the presence of bars and spiral arms. These are conveniently averaged out in 1D profiles. Two-dimensional (2D) fitting techniques have been applied before on small samples of elliptical galaxies and S0's (Capaccioli et al. 1987; Simien & Michard 1990; Scorza & Bender 1990 ), but only once before on a large set of spiral galaxies (Byun 1992) . Two-dimensional fitting has the same advantage as Kent's method (Kent 1986) in that one uses the difference in projected ellipticities of disk and bulge. The sample used here was selected to be face-on and the differences in ellipticities are expected to be small. Still the 2D fitting technique is applied, because it has the advantage to 1D fitting that non-axisymmetric components can be fitted as well. The method applied here has a non-axisymmetric component in the form of a bar, which will improve the fitting results of the disk and especially the bulge component.
The bulge and disk parameters determined by the 2D method will be used in subsequent papers to determine the relationships among the structural parameters of galaxies. To assess the reliability of these relationships a thorough error analysis is needed. In this paper I will discuss several sources of error, most notably the effects of 1D versus 2D fitting, the uncertainty in the shape of disk and bulge profiles, influences of measurement errors and the effect of different radial weighting functions.
The structure of this paper is as follows. The observational data are briefly described in Sect. 2. The 2D fitting technique is explained and tested in Sect. 3. In Sect. 4 the 2D fitting technique is compared with several 1D fitting techniques. The results of all tests and comparisons are used in the error discussion in Sect. 5. The main conclusions are summarized in Sect. 6.
The data
In order to examine the parameters describing the global structure of spiral galaxies, 86 systems were observed in the B, V, R, I, H and K passbands. A full description of the observations and data reduction can be found in de Jong & van der Kruit (1994, hereafter Paper I), which will be repeated only very briefly here. The galaxies in this statistically complete sample of undisturbed spirals were selected from the UGC (Nilson 1973) to have red diameters of at least two minutes of arc and minor over major axis ratios larger than 0.625. The galaxies were imaged along the major axis with the 1m Jacobus Kapteyn Telescope on La Palma in the B, V, R and I passbands and with the United Kingdom Infra-Red Telescope on Hawaii in the H and K passbands. Standard reduction techniques (bias subtraction, flatfielding by twilight flatfields, calibration by standard stars) were used to produce calibrated images. The sky brightness was determined outside the galaxy in areas free of stars and its uncertainty (mainly due to flatfield limitations) constitutes one of the main sources of error in the derived parameters.
The ellipticity and position angle (PA) of each galaxy were determined at an outer isophote. The radial surface brightness profiles were determined by calculating the average surface brightness on elliptical rings of increasing radii using the determined ellipticity and PA. Internal and external comparisons showed that the derived parameters were well within the estimated errors. These estimated errors are included in the analysis discussed here.
Two-dimensional decomposition
In this section the 2D fitting technique is described. The motivation for using the 2D method was the large number of galaxies in the sample with a pronounced bar, which can not be fitted in 1D models. The different model components are described and the fitting procedure followed is explained in some detail. The fitting technique was tested on both artificial and real data and is shown to be very accurate in most realistic cases. Finally, the results for the data set are presented for the B and the K passband.
Advantages of two-dimensional fitting
In the literature one encounters mainly the use of 1D profiles to perform bulge/disk decompositions. The extraction of the profiles improves the signal-to-noise, but the non-axisymmetric information present in the image is lost. Bars can have considerable influence on profiles (see for example in Paper I UGC 89, UGC 6536, UGC 7523, UGC 7594, UGC 8865 and UGC 12776). These features will make 1D bulge/disk decompositions incorrect, even if the fits seem correct and the χ 2 values are low. Onedimensional models fitted to azimuthally averaged profiles can never include a bar.
A considerable fraction of spiral galaxies are barred. Of the 86 galaxies of our sample only 13 were classified as non-barred according the RC3 (de Vaucouleurs et al. 1991 ) and 12 galaxies had no bar classification. Therefore fitting bars is desirable, especially if one considers that bars are more pronounced in the near-IR (Block & Wainscoat 1991) . This can only be done by fitting the full 2D images. An additional advantage of the 2D technique is that the difference in the flattening of the bulge and the disk is also used for the few systems in the sample with higher inclination.
The technique of fitting models to the full images of spiral galaxies has little precedence in the literature. Shaw & Gilmore (1989) fitted 2D models to two edge-on galaxies, the configuration where disk and bulge are the most distinct. Byun (1992) used a data set of 1355 I passband images of galaxies with inclinations larger than i > 40 o . From tests on artificial data, Byun showed that the 2D method was better in reproducing the model input parameters than the 1D method. Neither Shaw & Gilmore nor Byun included a bar in their fits.
The model components
The 2D model consists of two or three components. First of all, a spherically symmetrical bulge with an exponential radial light distribution. The use of an exponential bulge profile instead of the more widely used r 1/4 law profile (de Vaucouleurs 1948) was motivated by the work of Andredakis & Sanders (1994) and the work presented in Sect. 4. Bulge parameters are normally expressed in effective parameters which translates the exponential law into Σ bulge (r) = Σ e e −1.679(r/re−1) ,
where the effective radius (r e ) encloses half the total luminosity and Σ e is the surface brightness (µ e in mag) at this radius. In the cartesian coordinate system of the CCD image r should be read as x 2 + y 2 , with the center of the coordinate system at the galaxy center. The second component, the disk, is described by Eq. (1) and has the usual two free parameters of an exponential light distribution (Σ 0 and h). Due to inclination though, the disk has two additional parameters: minor over major axis ratio (b/a) and position angle (PA) and r should be read as ([x cos(PA) + y sin(PA)] b a ) 2 + (−x sin(PA) + y cos(PA)) 2 in the carthesian coordinate system. Fitting with b/a and PA as free parameters was tried, but it turned out that the fitting routine often adjusted the b/a and PA in such a way that spiral arms and bars were modeled, instead of the global disk properties. Therefore I decided to keep b/a and PA fixed to the values determined at the outer isophotes (the same values that were used for extracting the radial profiles).
When the galaxy image showed a clear bar and when this bar resulted in an identifiable feature in the luminosity profile, a bar was added as a third component to the model. A Freeman bar (1966) was used, which is one of the few available analytic 2D descriptions for the luminosity of a bar
where the free parameters are Σ 0,bar , the bar central surface brightness, and a bar and b bar , the semi major and minor axis of the bar respectively. Such a bar has elliptical isophotes and has its position angle (PA bar ) as additional free parameter. No inclination dependent corrections were applied to the bar profiles, since the studied galaxies are not inclined very much. Observations of galaxies are distorted by seeing. The model light distributions have to be corrected for this effect. Seeing is only important at the center of the galaxy where the light distribution strongly peaks. The disk and bar light distributions are far less peaked and generally do not dominate the center compared to the bulge, therefore only the bulge model profile was corrected for seeing.
To account for the seeing effects, the model profiles of the bulge were convolved with a Gaussian Point Spread Function (PSF) with the same dispersion (σ) as the Gaussians that were fitted to some field stars in the frame. For a radially symmetric light distribution around the center the seeing convolved profiles are described by
where Σ(r) is the intrinsic surface brightness profile, σ the dispersion of the Gaussian PSF and I 0 the zero-order modified Bessel function of the first kind (Pritchet & Kline 1981 ). The total model is simply the sum of the three components
Fitting procedure
To fit models to the data points a non-linear fitting algorithm capable of accepting different weights for each data point was applied. Non-linear fitting algorithms are particularly sensitive to the initial values provided, when searching for the minimum in the reduced χ 2 of the fit. If the initial values are not "reasonable", the fitting program can end up in a wrong local minimum. The results of the 1D decompositions described in Sect. 4 were used as initial values. The initial values for the bar were estimated by eye. The routine generally converged to the same result to within the formal errors, independent of the initial values. The formal fit errors were usually much smaller than the errors due to the uncertainties in the measurements and these errors will be discussed in detail in Sect. 4 and 5.
In decomposing 1D profiles it is common practice to fit in the logarithmic (magnitude) regime. This means that one is effectively trying to minimize the relative errors between model and data. Minimization in the logarithmic regime is not possible in the 2D case; because of the noise some pixels will have negative values (below sky level) in the outer parts of the galaxy image. To minimize relative errors in the linear regime, a difference between model and data in a low surface brightness region has to be given much more weight during the fitting than the same difference in a high surface brightness area. A weight function of the form e r/h was used, where h is the initial estimate of the disk scalelength and r is the inclination corrected distance of the pixel from the center. To reduce computing time all pixels outside 2.5 initial disk scalelengths were averaged over 5 × 5 pixels and given proportionally more weight.
The 2D fitting procedure consisted of several steps. First, all images of a galaxy obtained in different passbands were aligned, freed of foreground stars and their center was determined from the R passband image (see Paper I). This center was fixed while fitting the model components to the data. After the fitting routine had converged, the model light distribution was subtracted from the data. The points in the difference image that deviated more than 6 sigma (missed cosmic ray events and faint stars) were flagged and not used in the next iteration. This process was repeated twice, each time taking the initial estimates and the scalelength of the weight function from the results of the previous step. In general, the routine had already converged to a satisfactory result after the second step.
Tests on artificial data
The 2D fitting routine was extensively tested on artificial images to determine its reliability. Artificial images are not really representative of true galaxies, but can give an indication of the systematic effects due to measurement errors. By varying one by one the observables in the artificial images one can investigate which measurement error influences a model parameter the most.
The artificial images had the characteristics of a typical R passband observation: all artificial galaxies had an exponential disk with a µ 0 equal to 20 mag arcsec −2 , a scalelength of 20 ′′ and axial ratio of 0.75. Just as with the typical observation the pixel size was set at 0.3 ′′ , the seeing at 1.5 ′′ FWHM and the sky surface brightness at 20 mag arcsec −2 in the artificial images. An exponential bulge was added to each image, with the bulge parameters chosen from a range in effective surface brightness and radius . The images were created with photon and read out noise and a few areas were set to undefined values to mimic the removal of foreground stars. The initial fit estimates for the disk and bulge parameters were set at 10-30% off the intrinsic model values to check conver- Table 1 . The relative errors between input artificial image parameters and fitted bulge and disk parameters determined using the 2D fit method. Tabulated are the results for the standard artificial galaxy as described in the text, as well as the effect of a wrong estimate of one of the parameters which were normally kept fixed to the observed values while fitting the model (see notes). Relative errors are listed, with ∆µ0 = µ0,art − µ 0,fit and ∆µe = µe,art − µ e,fit in mag arcsec −2 , ∆h = 2(hart − h fit )/(hart + h fit ) and ∆re = 2(re,art − r e,fit )/(re,art + r e,fit ) dimensionless. µ e,art r e,art ∆µ 0 ∆h stand. seeing seeing error sky error b/a error PA stand. seeing seeing error sky error b/a error PA 2.5 ′′ seeing instead of the 1.5 ′′ of the artificial image. (6) As (3), but fitting model has 1.6 ′′ seeing instead of 1.5 ′′ . (7) As (3), but with sky level of the fitting model 1% too low compared to the real value in the artificial image. (8) As (3), but with sky level of the fitting model 1% too high compared to the real value in the artificial image. • in PA between image and model. The effect of different bulge-to-disk ratios was tested using the artificial images with the different bulge parameter values. The relative differences between artificial image input parameters and the model fit output parameters are listed in Table 1 . The fitting routine reproduced the bulge and disk parameters to a very high degree of accuracy. The disk parameters were reproduced with less than 1.5% error. The bulge parameters were less well reproduced, especially for very small effective radii and low effective surface brightnesses. These bulges are so small that they are unresolved with 1.5 ′′ seeing in the small region where they are dominating over the disk surface brightness. For these extreme cases it is better to convolve not only the bulge model with the seeing, but also the disk. Increasing the seeing to 2.5 ′′ in both the artificial image and the fitting model had no effect on the determination of the disk parameters and slightly decreased the fit performance for the bulge parameters, as can be seen in Table 1 . Some observables measured from the images (seeing, sky background level, b/a and PA) were used as fixed parameters in the fit models. To estimate their relative effects on the derived parameters, all artificial images were fitted again, but the fixed parameters in the fitting model were given a wrong value with respect to the true values in the artificial image. The typical maximum error was used for each of the fixed parameters. The test results can be found in Table 1 . From these tests the largest error in µ 0 is expected to result from a wrong estimation of the sky background. The error will be of order 0.1 mag arcsec −2 , increasing, of course, for lower surface brightness galaxies. The errors in the scalelength are dominated by errors in sky brightness and b/a, and both result in errors less than 10% in the typical case. The errors in the bulge parameters are dominated by their brightness and scalelength relative to the disk parameters. The parameters of the brighter bulges are most effected by errors in the seeing. The effective radii of the lower surface brightness bulges are also influenced by sky brightness errors. Except for the extreme low surface brightness bulges and for bulges with effective radii smaller than 1 ′′ the errors are never larger than 20%.
The fitting routine was also tested on some artificial images with a bar, but with eight free parameters only a limited parameter space could be explored. In general, the routine converged to satisfactory results in just a few iterations.
Tests on UGC 438
Clearly, artificial images are not a good representation of real galaxies. Therefore, the fitting routine was also tested for different bulge-to-disk ratios on an R passband image of UGC 438. A 2D fitted bulge was subtracted from the original image and replaced by artificial exponential bulges with a range in effective surface brightness and radius. The fit results for the different bulge parameters are listed in Table 2 .
The fitting routine generally reproduces the parameters quite well. The disk parameters change little for the different bulges (µ 0 changes at most by 0.04 mag arcsec and h by about 4%), but as with the tests on artificial images, the fitting routine breaks down for bulges with a small effective radius and a low surface brightness. Next to the explanations for this effect mentioned earlier for the artificial images, one has another problem when one tests on real images. The model bulge that was originally subtracted to create a bulgeless image might not be perfectly correct. One is then left with some residuals which have the greatest influence when later replaced by a low surface brightness bulge.
Resulting parameters
The results from the 2D fits for all galaxies in our sample are presented in Table 3 for the B and the K passband. This table contains observed data values. No corrections were applied for inclination and for internal and Galactic extinction. In 23 out of 86 cases it was found that the fits of at least the bulge improved if a bar was also included. Figure 1 shows an example of an original, a model and a model subtracted image of UGC 89. The relative differences between model and data are quite small and the resulting difference image can be used to study small scale structures in the bulge and bar region and to study spiral arms. UGC 89 is a good example of a galaxy that can only be fitted correctly by a 2D method with a bar, as can be seen more clearly in the resulting 1D profile of Fig. 2 .
In testing both artificial and real images it appears that the 2D fitting routine has difficulties fitting bulges with a low surface brightness and a small effective radius compared to the disk parameters. There are few galaxies in the sample with a fitted r e < 1. This is only found in the B and V passbands when galaxies have Type II profiles. The routine fits a small bulge to these galaxy images to avoid filling up the "central hole" in the disk. The Type II behavior is always less pronounced at longer wavelengths and indeed in the K passband there are no galaxies with r e < 1. Fortunately, there are no galaxies in the sample with a small effective radius and a low effective surface brightness of the bulge relative to the disk central surface brightness. Using these limitations in parameter space, the standard column in Table 1 indicates that the errors intrinsic to the fitting routine are expected to be less than 10%. The errors caused by other sources will be discussed in the next sections.
Comparison of different decomposition methods
The structural parameters derived in the previous section will be used in subsequent papers of this series. In order to assess the reliability of the derived relations in these papers, a good estimate of systematic and random errors in the fitted parameters has to be determined. The 2D fitting results will be compared to various conventional 1D methods to demonstrate the increased accuracy. The 1D methods will also be used to investigate the two most important sources of error in the bulge and disk parameters, namely the sky background error and the uncertainty in the shape of the bulge profile. The 2D method was too time consuming to be used for these tests. 
One-dimensional decompositions
One-dimensional decomposition methods are well known in the literature (Kormendy 1977; Schombert & Bothun 1987; Simien 1989; Capaccioli & Caon 1992 ; Andredakis & Sanders 1994) and will be described briefly. The resulting parameters are only available in electronic form.
The most elementary way to obtain the disk parameters, the "marking the disk method", was also used by Freeman (1970) , when he found the disk central surface brightness to be constant among galaxies. The linear part of the luminosity profile, plotted on a magnitude scale, was marked and a linear least squares fit was made to the data points in the indicated range. To be able to compare the disk parameters of a galaxy in different passbands, I used the same range in radii for all passbands. The resulting parameters can be quite sensitive to the minimum and maximum radius chosen to fit. The difficulties of the "marking the disk" method have been discussed by Giovanelli et al. (1994) and results obtained by different authors were compared by Knapen & van der Kruit (1991) , showing remarkable differences. These differences were mainly caused by a change in scalelength at a lower surface brightness.
The "marking the disk" method yields disk parameters that are intuitively correct for the human eye. However, the luminosity profile is a combination of bulge and disk light and to get correct results both should be fitted simultaneously (Kormendy 1977) . The numerical method to decompose the luminosity profiles used here is essentially identical to the method described by Andredakis & Sanders (1994) . A non-linear χ 2 minimalization routine was used to fit the model profiles to the data points in the logarithmic regime. Both bulge and disk model profiles were convolved with the seeing PSF using Eq. (5) and the fits were limited by the same maximum radii used for the "marking the disk" fit.
As already indicated in Sect. 1, several different radial luminosity laws have been proposed for the light of bulges. One of the more general forms for the light profile of the bulge is the generalized exponential law, originally proposed by Sérsic (1968) :
This generalized exponential law has been applied to fit elliptical and S0 galaxies by Caon et al. (1993) and to dwarf ellipticals by Young & Currie (1994) . As a first step, the fitting of an exponential disk and a generalized exponential bulge profile was tried. A wide variety of initial values for the five free parameters were tried, but for most of the galaxies the fits did not converge to physically acceptable values (negative Σ 0 , Σ e , h or r e ). The value of n in Eq. (7) was of order 0.5-5 in the cases where the fit did converge, that is for the galaxies with pronounced bulges. For most galaxies the bulge light dominates over the disk light at only a few data points and these few points do not carry enough information to limit the shape parameter n.
To reach more stable results the same fits were made again with n fixed to values 1, 2 and 4. With n = 4 and after redefining Σ 0 and h into effective parameters, Eq. (7) translates in the most commonly used bulge fitting function, the de Vaucouleurs (1948) or r 1/4 law:
.67(r/re
Setting n = 2 in Eq. (7) gives an "r 1/2 law" profile:
Σ(r) = Σ e e −3.672(r/re 1/2 −1) .
In the case of n = 1 in Eq. (7) one has the exponential law normally used for disk profiles, which translates into Eq. (3) when rewritten to effective parameters and which was also used for the 2D fit. More stable results were reached than with the general exponential law, but the intrinsic properties of the r 1/4 law still made it impossible to reach convergence in many cases. With n = 2 the situation improved considerably and using an exponential profile for the bulge, the fitting converged for all galaxies except for UGC 6028. This galaxy has a very small bulge in a Type II profile (Freeman 1970) and therefore the fitting routine tends to make the bulge negative in order to create a hole in the disk profile. The fits with the exponential bulge are the most stable; convergence is reached more often and the fit results are less sensitive to initial values with the exponential bulge than with the other tested profiles.
The tests on the artificial images in Sect. 3.4 showed that one of the main sources of error in the bulge and disk parameters was the uncertainty in the sky background level. The maximum errors in the fit parameters due to this uncertainty were calculated for each galaxy using the sky errors determined in Paper I. All 1D fits were repeated with the maximum sky error estimate added to and subtracted from the luminosity profile. These error estimates will be used in the next sections.
Profile comparison
The different decompositions of eight galaxies are discussed in more detail as it will give some insight in the problems dealing with bulge/disk decompositions. Figure 2 shows some typical best and worst cases of four different decomposition models on B passband profiles/images. Images of these galaxies can be found in Paper I.
UGC 89 is probably the clearest example in the sample of a galaxy with three distinct components, which can only be fitted correctly using a 2D fitting technique. In Fig. 2 we see that in the r 1/4 law fit the bulge fills up the bar region, but also replaces part of the disk. The central surface brightness of the disk is probably too faint and the scalelength too large in this fit. When we use an r 1/2 or an exponential bulge, the disk tries to fill up the bar region, making the fit to the outer exponential part of the profile worse. The disk parameters are obviously incorrect for these fits, but now the surface brightness is too faint and the scalelength too small. Only including a bar yields a satisfying result, also displayed in Fig. 1 . UGC 438 is a galaxy with a small bulge and a distinct exponential disk with some enhanced star formation in the spiral arms near the center. All fitting methods seem to be equally justified, but notice the very extended bulge in the case of the r 1/4 bulge profile. UGC 1455 is a symmetrical galaxy with a small bar/oval component in the center. All fits seem equally justifiable as long as we assume that the oval component is part of the bulge. The µ 0 becomes gradually fainter going from r 1/4 to the exponential bulge. If we assume that the bar is part of the disk, which is likely as some spiral arms start at the ends of the bar, the 2D fit is the best fit. UGC 1551 has a low surface brightness disk with some flocculent star formation and a very small bulge. The r 1/4 profile did not converge for the B passband (though it did for the other passbands). Even though convergence was reached with the other fitting functions, the bulge results can hardly be called reliable; the small bulge is very hard to fit. UGC 6077 is a typical case of a Type II profile, where the exponential outer profile does not continue all the way inward before the bulge takes over the luminosity in the central part of the galaxy. Morphologically these galaxies are in general barred with strong spiral arms forming at the end which are tightly wound to form a ring. Sometimes the bar is less pronounced. Moving to longer wavelengths the bump becomes less pronounced as the enhanced star formation doesn't show up so clearly at those wavelengths. None of the tested fitting models is able to decompose this type of galaxies well. One has to adjust the exponential law of the disk to contain an inner hole or one has to model spiral arms 3 . The residuals ∆µ between data and model for the galaxies plotted in Fig. 2 . The dotted line indicates the model with the r 1/4 law bulge, the dashed line the r 1/2 law bulge fit, the dashed dotted line the exponential bulge fit and the full drawn line the 2D fit method. Note that generally the 2D fit method results in smaller residuals, but that the difference between the models is small compared to the intrinsic fluctuations in the luminosity profile. in the disk. None of the fitting techniques are correct (the r 1/4 law fit did not even converge for this galaxy) and the central surface brightnesses and scalelengths found are just an indication of the extent and surface brightness of the disk. UGC 6445 , a galaxy with a small oval component, has a less pronounced Type II profile. Because of a slight shift in steepness of the luminosity profile in the outer region of the galaxy, the r 1/4 fit will tend to dominate in the central and outer region. Consequently bulge and disk are equally important over the whole extent of the galaxy in such a fit. Inclusion of a bar or oval component immediately diminishes the bulge contribution at large radii, even if one would fit an r 1/4 bulge profile. Clearly the 2D fit is the best option for this galaxy. UGC 10437 is an example of one of the galaxies in the sample with a very low surface brightness disk. The fits made to this kind of galaxy are in general very unstable as the disk disappears rapidly in the sky noise. This means that the profile that can be fitted only extends over a few scalelengths. The H and K passband observations especially could pose some problems as these showed hardly anything else other than the bulge above the sky noise (see also UGC 334, UGC 628 and UGC 9024). The fits with r 1/4 and r 1/2 bulge profiles only converged to unphysical values for this galaxy, the exponential 1D bulge and the 2D fit yield nearly the same result, as might be expected for a nearly face-on galaxy. UGC 12776 is a galaxy that consists mainly of a bar, with two arms originating at the ends. Similar galaxies are UGC 2368 and UGC 10083. Obviously a bar should be included in the models to fit these galaxies, but we have to keep in mind that in these cases the bar really seems to belong to the disk. The central surface brightness of such a galaxy is probably best described by the sum of the contributions of the disk and the bar. Figure 3 shows the residuals between models and data. This figure shows that including a bar in the fitting routine can indeed improve the overall fit, but also shows that the residuals are dominated by fluctuations in the profiles. These fluctuations are not due to signal-to-noise problems, but are intrinsic to the light distribution of the galaxy. This makes it difficult to decide which bulge model is best, as the change in reduced χ 2 is small compared to the reduced χ 2 value itself. One would need additional components to fit the fluctuations, but this is beyond the scope of this work.
Comparison of χ 2 values
An exponential bulge was used in the 2D fitting technique, which was motivated by the 1D test results. One such test is the comparison of the reduced χ 2 values for the different bulge models. Figure 4 shows the different reduced χ 2 values as function of morphological type. Note that the χ 2 values are smaller in the K passband than in the B passband and that the differences between the χ 2 values of the different bulge models are small compared to these χ 2 values themselfs. For galaxies with types later than Sb, the fits with the exponential bulge give the smallest residuals. For galaxies in the range from Sa-Sb, the r 1/2 law bulge fits give the best results. In this range, the r 1/4 law and exponential law bulge give comparable results in reduced χ 2 values. Therefore one could propose an intermediate transition type bulge for early spirals between the r 1/4 law ellipticals and the exponential bulges of late-type spirals. This could be analogous to the pure elliptical systems, where low luminosity systems are less centrally concentrated than high luminosity systems (Young & Curie 1994) .
The results of the study by Andredakis & Sanders (1994) are confirmed using this sample. Exponential Table 4 . The median of the fit parameter errors for all galaxies, where the maximum error in the sky background subtraction was used to calculate the uncertainty in the fit parameters. The errors in µ0 and µe are in mag arcsec −2 , the relative errors in h and re were defined by ∆h/h and ∆re/re. Table 5 . The mean relative change in disk parameters due to different techniques for all galaxies where the fit routine converged to physical values for all techniques. All mean changes are relative to the "marking the disk" method, with ∆µ0 in mag arcsec bulges are statistically at least as justified as r 1/4 law bulges. When the galaxy image does not contain enough information to determine the shape of the bulge, the exponential bulge is preferred for galaxies with classification later than Sb. For early-type spiral galaxies an r 1/2 law bulge is a good alternative. For consistency reasons, only the results obtained with the exponential bulge will be used in subsequent papers when analyzing this large sample of galaxies.
Comparisons of errors due to sky uncertainties
The tests on artificial images discussed in Sect. 3 indicated that the uncertainty in the sky background level is, once a bulge model has been chosen, the largest source of error. As explained before, the maximum errors due to incorrect sky background subtraction were only calculated for the 1D methods. The median relative errors for each parameter and each method are listed in Table 4 . Two trends can be seen in this table: 1) the median errors in the surface brightness parameters increase going from the B to the K passband, while the uncertainties in the scale parameters decrease and 2) the median errors in all parameters decrease moving from the fits with the more centrally peaked r 1/4 law bulge profile to the fits with the shallower exponential bulge profile.
A change in sky background level affects mostly the faint outer regions of the galaxy profiles. The r 1/4 law profile offers often a greater contribution to the outer parts of galaxies than the exponential bulge profile and will be more affected by a sky level change. The parameters resulting from the fit with the exponential bulge are the most stable and reproducible according to the results in Table 4 which is independent of the conclusion whether this bulge model is correct or not.
Comparison of the resulting disk parameters
As a final point in the comparison of the different bulge models and fitting methods the resulting parameters are compared. Table 5 lists the average differences in the disk parameters using the different methods. The disk parameters of all different models are compared to those of the "marking the disk" method. The change in central surface brightness ∆µ 0 = µ 0,mark -µ 0,other is on average the largest for the r 1/4 law bulge and small for the exponential bulge in both the 1D and 2D case. The central surface brightness of the disk is lower for the r 1/2 and r 1/4 law bulges as part of the disk light is replaced by the light of these more extended bulges. The average relative change in scalelength (d = 2(h mark − h other )/(h mark + h other )) is a few percent at most for all models. The scalelengths become on average a little bit smaller. The standard deviations of the differences in µ 0 are much larger for the r 1/2 and r 1/4 law bulges than for the exponential bulges. Apparently the methods using exponential bulges yield more often disk parameters that are in accordance with the "marking the disk" results, which represent the human intuition. A comparison the results from the "marking the disk" fit with the 2D fit (Fig. 5) , shows that the central surface brightnesses agree for most galaxies to within 0.5 mag arcsec −2 . The few exceptions to this can be easily explained. On the one hand, the surface brightness is fainter in the 2D case for UGC 2368, UGC 10083 and UGC 12754, as a bar is making up a large fraction of the disk and for some low surface brightness galaxies (UGC 628 and UGC 12732), because the distinction between the nearly absent bulge and the disk is hard to make. On the other hand, UGC 7901 and UGC 11628 have a gradual change in slope of their luminosity profile, which is interpreted differently by the 2D fitting program than by the human eye. The 2D fit central surface brightnesses are much brighter. Figure 6 shows a comparison between the 1D and 2D bulge and disk parameters, both obtained with the exponential bulge profile. The errorbars on the 2D results indicate the formal fitting errors of the fitting routine, thus the uncertainty in the χ 2 minimum found by the routine. The errors in the 1D parameters result from recalculations of the fit with the sky background uncertainties added and subtracted.
Two points can readily be made from these errors: 1) the errors due to sky uncertainties are almost always much larger than the formal fitting errors and 2) the data points which are the most deviant from the equality line have in general also the largest uncertainty due to the sky errors. The errors due to sky uncertainty are apparently also indicators of the differences between both fitting methods.
The 1D and 2D disk parameters in Fig. 6 agree quite well without any systematic deviations. The effective surface brightness of the bulge shows a small but systematic deviation, the surface brightnesses determined with the 1D method are most of the times a little fainter. The comparison of the effective radii shows the largest deviations. The 2D effective radii are smaller, especially for the galaxies where a bar was fitted. The profile comparisons of Fig. 2 showed that these smaller effective radii are more realistic.
The exponential bulge versus other bulge models
The exponential bulge profile was used in the 2D fitting technique instead of the more widely used r 1/4 law profile. The previous tests have shown that this is justified. The profile decompositions look at least as good as with other bulge models, which is reflected in the reduced χ 2 results. Table 4 shows that the exponential bulge results are least effected by the uncertainty in the sky level and Table 5 shows that the exponential bulge fit reflects the "marking the disk" results the most. The choice for the exponential bulge is obvious if one further realizes that the exponential bulge fit, contrary to the other models, almost always converges without fine tuning the initial parameters. One could propose to use r 1/2 law bulges for early-type spiral galaxies, but for consistency reasons I will use only the exponential bulge law results in subsequent papers.
Error discussion
Good error estimates of the fit parameters are important to determine the reliability of the derived relations in the next papers of this series. All sources of error and the typical percentage of error they cause in the different bulge and disk parameters are discussed.
In the decomposition methods discussed in this article one is confronted with three kinds of uncertainties: 1) uncertainties in the component profiles, 2) the uncertainties due to the fitting method and 3) measurement errors.
The first two items give systematic effects in the derived parameters, but make comparisons within such a framework still possible. The last item has no systematic effect, assuming measurement errors are randomly distributed. Each of these points will be addressed separately, indicating the order of magnitude uncertainty in the resulting parameters. 1) Errors due to uncertainties in component profiles -The best choice for the description of the bulge light is probably the generalized exponential (Eq. (7)), as it includes both the r 1/4 and the exponential law. Its mathematical peculiarities make it here less useful in combination with an exponential disk profile. Therefore the exponential function for the bulge is preferred, as it gives a first moment analysis of the part of the bulge that is seen above the disk luminosity. In this way, a surface brightness and a scale size of the central region of the bulge can be determined. These quantities must have some physical meaning, even though they show only a weak relation to the ones obtained with r 1/2 and r 1/4 law bulges. The average value of µ 0 of the disk will be 0.2 mag arcsec −2 fainter using these bulges and the rms differences will increase to 0.4 mag arcsec −2 with respect to the "marking the disk" fit. The scalelengths of the disks are about the same for all bulge models used. The uncertainty in the disk parameters for a typical galaxy in this data set is larger due to bulge profile uncertainty than due to sky background uncertainty (compare results in Table 4 and standard deviations in Table 5 ).
-The use of exponential light profiles for disks of spiral galaxies is well established, but Type II profiles introduce an uncertainty. Are we dealing with a hole in the light distribution (intrinsic or due to dust) or do we have an extra stellar component at intermediate radii in the form of a ring of spiral arms? Morphology and color considerations favor the second option. Therefore one has to include the inner region in the fit as this is also part of the disk and observe at wavelengths which are least affected by young stellar populations. In the B passband, the Type II profiles can give uncertainties of order 20% in the disk parameters and up to 50% in the bulge parameters. In the K passband the effect is strongly reduced to order 10% for all parameters.
2) Uncertainties induced by different fitting methods
-The uncertainties in the "marking the disk" method have been discussed by Giovanelli et al. (1994) and by Knapen & van der Kruit (1991) . They showed that the uncertainties using this method are of order 15%. It has been argued that this method gives systematically wrong results (Kormendy 1977 , Phillipps & Disney 1983 , Davies 1990 ) which will be discussed in Paper III (de Jong 1995). -The decomposition of the 1D profile in a bulge and a disk component should in principle be better than the previous method, but when performed with an exponential bulge profile the disk parameters hardly change compared to the "marking the disk" results. Byun (1992) showed that this method gives systematically wrong results for inclined galaxies. -The 2D fitting method is intrinsically the best method tested here. It includes the effect of inclination and makes it possible to introduce a non-axisymmetric component in the form of a bar. With respect to the double exponential 1D fit it has little effect on the disk parameters and on µ e of the bulge. The estimate of r e of the bulge improves. The tests on artificial images showed that the errors in the parameters are at most a few percent for bulges with r e larger than 1 ′′ . -One source of error that has never been investigated in detail is the choice of weighting function for the fitting routine. I have only used weighting schemes which reduce relative errors between model and data, but one could argue that the inner part of galaxies should get more weight as the signal-to-noise is better in these regions. Likewise one could also argue that the outer part of the luminosity profile should get more weight as many more points are sampled (this is what happens automatically in the 2D fitting technique). Therefore even a single model for bulge and disk luminosity distribution has an intrinsic uncertainty depending on where one puts the most weight for the fitting accuracy. It is hard to define an acceptable range of weighting functions, but the uncertainty in the disk parameters induced in this way is estimated to be at most 5% for most galaxies. It will be of order 10% for the bulge parameters. 3) Uncertainties caused by measurement errors -The dominant source of error in both bulge and disk parameters is the uncertainty in the sky background subtraction. As a second order effect b/a is also important for the estimate of µ 0 . The seeing estimate influences the determination of the parameters of relatively small bulges. Each of these errors has at most order 10% effect on the disk parameters and a 20% effect on the bulge parameters. The errors will be slightly larger for low surface brightness galaxies, due to the relatively larger contribution of the sky background error. -Another source of error, independent of the fitting method employed, stems from the determination of the zero-point of the magnitude scale. In Paper I, we calculated that this was for our sample in the range from 0.03 to 0.12 mag arcsec −2 , resulting in this contribution being of the same order of or less than the above mentioned measurement errors.
Conclusions
The bulge, disk and bar parameters of the 86 spiral galaxies presented in Paper I were calculated. In the different decomposition methods that were explored, we were confronted with three kinds of uncertainties: 1) the uncertainties in the component profiles, 2) the uncertainties due to the fitting method and 3) measurement errors. The first two items will give systematic effects in the derived parameters, but comparisons within such a framework are still possible. The last item has no systematic effect, assuming measurement errors are randomly distributed.
In conclusion, the use of the 2D fitting technique with exponential light profiles for both bulge and disk yields the most reproducible and representative component parameters. Assuming that the 2D model with exponential profiles for both bulge and disk is a reasonable correct description of the global structure of a galaxy, the estimated maximum errors of the structural parameters are of order 20%. These errors are dominated by the uncertainty in the sky background level. The errors in the disk parameters will double if the model for the bulge is better represented by an r 1/4 law profile. The errors on the bulge parameters will then be very uncertain. The determined parameters will be used in the subsequent articles in these series.
The two dimensional decomposition technique exploited here has many advantages above other often used decomposition techniques. Still we are far away from full scale 3D models which link complete self-consistent dynamics of the different components to a 2D morphological projection.
